Abstract -The study and measurement of manual actions and forces in infants is important in a variety of contexts because it can give insights on the typical and atypical motor development. Novel approaches for measuring infants' manual actions are based on sensorized platform, such as instrumented wireless toys, to be exploited in natural settings. A new sensorized wireless toy with embedded pressure sensors and audiovisual feedback has been designed and developed. Laboratory results show that the toy dimensions are fulfilling with infants' anthropometrics and confirm the hypothesis that such instrumented toys could be useful for monitoring and measuring infants' motor development.
I. INTRODUCTION
EARNING to grasp an object with either one or two hands is an important milestone that infants encounter during the first months of life and this enables them to explore and learn about their environment. More specifically, the grasping phase is highly dependent on the infant's development [1] . Efficient object manipulation depends on several factors: differentiation of individual fingers' movement, grading of grip force, control over the release, bimanual action, in-hand manipulation. Maturation in each of these abilities assists the child's mastery over objects and struggle toward competence [2] , [3] .
All these manual capabilities are damaged or delayed in infants and children with neurodevelopmental disorders; thus, from this perspective emerges the need to quantify this manual development and grasping capabilities in a rigorous way in order to objectively assess motor impoverishment in pathologic cases.
For these reasons, the use of specific instrumented tools could be useful for helping the diagnosis and consequently the therapy of such diseases [4] - [6] . In the last years, engineering has brought support in this field in terms of devices and instruments for quantitative analysis of neuromotor development, in an emerging field named Neurodevelopmental Engineering [7] . The aim was to propose instrumented tools for monitoring infants' neuromotor development with a novel approach, the ecological environment, that overcome the limits of the current tools for behavioural analysis [8] . The approach followed is thus the use of the ecological environments that includes minimally structured operated environment and the use of non-obtrusive technology [7] .
Recent works by our group [9] - [12] confirm the idea that instrumented tools suchas sensorized toys could be useful for monitoring infants' neuro-motor development and for the early diagnosis of developmental disorders.
However, these works had some limitations mainly due to the experimental setting. In particular, from the clinical data emerged the need of wireless instrumented toys for further improving the ecological approach.
In this work we present the design and the development of a low-cost sensorized wireless toy for monitoring infants' grasping development that can be used in an ecological environment. In particular the device should be able to discriminate the grasping actions of each hand during playing action.
Our idea is to make available the possibility of a screening of a large number of children for diagnostic purposes that are actually not feasible due to high costs and limited availability of the equipment. Possible settings range from totally unstructured home-like situations.
II. MATERIALS AND METHODS

A. Clinical and technological specifications
The new device should be designed with the final goal of continuous monitoring of the bimanual grasping actions, but without being distressful to the child and should operate in an ecological environment. This clearly sets constraints on the kind of technology to be used. We start from the requirements given by the fact that infants are non-collaborative subjects, i.e. it is not possible to ask them to perform a given movement, and by the need for measuring their natural movements, in an ecological setting. For these reasons, toys have been chosen as the sensorized devices for measuring manual actions during the playtime without affecting the type of play or the type of grasping of the infant. Small size, low weight, high sensitivity [13] , safe materials, robustness, low cost and electrical safety are among the key features to take into account during the technical design of the devices.
The approach adopted in this study to induce an effective grasping in a "spontaneous" way, without requiring an aware collaboration by the subject, is based on the concept of affordance [14] . In our case a soft toy shaped like a horseshoe (see Fig. 1 ), as many existing toys realized for infants, has been chosen as sensorized toy. This specific toy, in fact, has a clear affordance and offers only a limited number of grasping hand actions and configurations [15] . In particular, it encourages a bimanual approach through palmar grasp performed on the two lateral sides of the toy. Moreover, some preliminary tests in the infants were left free to play with commercial toys shaped as a horseshoe have demonstrated: i) infants perform only palmar grasp while playing with that kind of toy and ii) they play with both hands touching different parts of the toy at the same time. For these reasons, it is important to sensorize distinctly the two "arms" of the horseshoe toy.
Furthermore, it has been demonstrated [16] - [18] that objects with smooth or rough surface induce a different level of active manipulation (higher pressure and relatively higher frequency signals on soft toys than on rough or rigid ones). From these consideration we chose an elastomer as material for developing the two arms of the horseshoe toy. This choice has brought important improvements in the design of the toy as shown in the following section.
B. Toy design
The wireless sensorized toy was mainly composed of: two soft air-filled chambers made by elastomers and shaped as a cylinders and a rigid case (made in epoxy resin) containing the electronic unit. Both soft and rigid parts are made by several elements.
-Soft Part
Each elastomeric cylindrical chamber has a metallic core that connects hermetically the pressure sensor to air chamber through a hole (Fig. 2) . In this way the sensor is placed outside the chamber connected to the electronic unit and it is able to measure internal pressure variations. Since each chamber is connected to a pressure sensors is possible to discriminate the grasping actions of right and left hands separately. Taking into account the clinical specifications about materials, we selected a non-toxic silicone (RTV 4428 by Silbione®) as material for the air chamber. The infant can safely interact with his arms and also bring the toy to the mouth. A purposive mould has been designed and developed (made in epoxy resin) for manufacturing the silicone chamber. The use of silicone, thus, allowed to obtain a soft toy, to shape the chambers as desired and to tune the toy sensitivity according to the shape and thickness of the chamber.
In order to stimulate the infants to play and give them a reward, a visual stimulation (LEDs) was put into the air chambers and thanks to the transparency of the silicone, the light coloured the sensitive parts of the toy.
-Rigid Part
In order to host and protect the electronic unit, the rigid part ensures a safe assembling of the two main parts and guarantees the maintenance of the toy geometrical characteristics after the assembling.
The soft part dimensions (Fig. 2) perfectly fit with infants' hand dimension constraints [19] . In particular the thickness of the chamber was 1.5mm and the elastomer-air volume ratio was 32%-68%. The geometrical characteristics of the wireless toy are shown in Fig. 3 . The overall weight of the toy is 120 gr. Due to the ecological approach of this work and despite the LED inside the air chamber, it is not possible to know in advance the exact point of grasping along the cylinder length, so it is preferred to employ types of sensors that can measure a squeeze action in each point of the device by estimating pressure changes inside the chamber. Thus, each air chamber contains one piezoresistive pressure sensor (chosen for its sensitivity, working range, activation threshold, dimensions and cost) allowing to measure the pressures applied by infant's grasping actions in the range 0-35 kPa.
C. Silicone characterization
A mechanical characterization of the silicone has been performed with a cylindrical sample (r=20mm and h=30mm) in order to characterize the mechanical properties of the silicone. More specifically, a quantitative study on the linearity of the stress-strain curve has been performed in order to characterize the mechanical behaviour, in particular the elasticity (Fig. 4 ).
For each rate tested, the stress-strain curves can be approximated with straight lines with different slopes. Fig. 4 shows stress-strain curves at different compression rates (from 5 to 30 mm/min).
Since hysteresis is an expected behaviour for viscoelastic materials; for each stress-strain curve the difference between stresses at the same strain, in loading and unloading phases, has been calculated obtaining the residual curve. The results showed that the percentage indexes of hysteresis at different rates are lower than 2%, thus we can conclude that the hysteretic effect is negligible and this means that the pressure range studied is placed in the elastic region of silicone materials. 
D. Electronic unit
The electronics within the device are composed of three main elements: a communication board, a conditioning board and the power unit.
Outside, an external workstation, in which the data are stored and processed, is connected to the toy by using a wireless interface board. This interface board managed the data exchange from and to the device.
Both the electronic boards within the toy and outside are nodes of a network. The network is created by the interface board (Coordinator) and the toy-board (End Device) joints the network (Fig. 5a-b) .
The idea of a network, despite of other possible approaches, allows the development of a multi-toys system in which not only the Coordinator can receive inputs from the toys-devicesbut also the toys can cooperate independently in order to drive the infants to play with them in different moments and/or for different aims. Furthermore, the network allows more degrees of freedom during the design in terms of communication protocol, data exchanged, processing and feedback both on board and on the external work station.
The End Device manages two feedback (sound and light) in order to raise the attention and the interest of the infant where required.
The device worked at 3.3 V @ 90 mA and the power source is composed of two lithium cells with a nominal energy capacity of 230 mA/h (Fig. 6a) . The device could work for more than 2 hours continuously. Regarding the transmitting distance it depends on the obstacles between Coordinator and End Device: it ranges from 20m (several walls) to 100m (open air) so for our application this distance is sufficient. Fig. 7 reports the acquired signals during laboratory tests: it shows that the maximum values were in the expected range so the sensors never came to saturation during a typical trial. In order to guarantee the infant's safety during the clinical validation and trials, the rigid part of the toy will be embedded in the upper part of the original toy with horseshoe shape. Moreover the materials of the toy are congruent with EN711/1/2/3 normative, all the textiles are non-allergenic and cleanable at 30°C. 
E. User interface
A Graphical User Interface (GUI) has been developed in order to make the electronic device simple and suitable to a wide range of users. The software has been written in C# language and it is connected to the coordinator by using the serial communication protocol (RS232).
The interface manages the commands towards the wireless toy and acquires the data. The interface saves the data into a "datastore", usually named combining the infant's name and the acquisition start time; for each trial with the same subject the software saves a new file.
During the acquisition, through the interface the user can trigger several stimuli on the wireless toy: sound, light or both, simply by clicking on buttons. The duration of a stimulus can be changed any time and the light stimulus can be selective for the left or right sensitive area.
Finally it is important to underline that the user interface is simple and user friendly; the users can easily understand if any corrective actions are needed and manage the device.
III. CONCLUSION
The aim of this work was to develop a wireless sensorized toy for measuring infants' manual actions. As pointed out, the clinical requirement set strictly technological challenges that need to be overcome.
The presence of silicone material has brought important contributions during the design phase; as it allowed shaping the air chamber according to the infants' needs (in particular the need of safe and attractive material) and infants' anthropometrics. In addition, by varying the chamber thickness it is possible to tune the toy sensitivity and this feature is extremely important in applications with infants where the pressures exerted are very low and varying strongly with age. Moreover, despite the use of viscoelestic materials, the hysteresis is negligible.
From electronic point of view, future work will include a further miniaturization of the board. Moreover, the system can be extended so that several toys and consequently different infants' behaviors can be observed at the same time. Infants can play together with the same toy or different ones, and/or an infant can play with several toys. These are examples of interesting experiments that can be carried out by using the technique presented here.
The system has been provided with a Graphical User Interface (GUI) that it is extremely important for an interactive diagnostic tool. In fact the user can follow the trial in real-time and can set parameters and feedback. Next steps will exploit this tool in clinical trials in order to check the architecture (e.g. toy robustness, acceptability by infants, data flow) and validate it as diagnostic tool. A possible clinical protocol is here reported: the infants could be placed on a rigid infant-seat and they are free to play with the wireless toy for two minutes. The toy is placed in front of the infant and the clinical therapist encourage the infant to play with the toy.
In conclusion, this work could represent an important contribution in the development of diagnostic devices used in an ecological environment that can be exploited for the screening of a wide number of children for diagnostic and rehabilitation purposes.
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